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SufSIron–sulfur [Fe–S] clusters are inorganic prosthetic groups that play essential roles in all living organisms. In
vivo [Fe–S] cluster biogenesis requires enzymes involved in iron and sulfur mobilization, assembly of clusters,
and delivery to their ﬁnal acceptor. In these systems, a cysteine desulfurase is responsible for the release of
sulﬁde ions, which are incorporated into a scaffold protein for subsequent [Fe–S] cluster assembly. Although
three machineries have been shown to be present in Proteobacteria for [Fe–S] cluster biogenesis (NIF, ISC, and
SUF), only the SUF machinery has been found in Firmicutes. We have recently described the structural
similarities and differences between Enterococcus faecalis and Escherichia coli SufU proteins, which prompted
the proposal that SufU is the scaffold protein of the E. faecalis sufCDSUB system. The present work aims at
elucidating the biological roles of E. faecalis SufS and SufU proteins in [Fe–S] cluster assembly. We show that
SufS has cysteine desulfurase activity and cysteine-365 plays an essential role in catalysis. SufS requires SufU
as activator to [4Fe–4S] cluster assembly, as its ortholog, IscU, in which the conserved cysteine-153 acts as a
proximal sulfur acceptor for transpersulfurization reaction.0, Building 43212, room 205,
115; fax: +55 51 3308 7048.
n).
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Iron–sulfur [Fe–S] clusters are inorganic prosthetic groups that
play essential roles in a number of biological processes, including
electron transfer, redox-dependent and -independent catalyses, gene
regulation, and as sensors in all living organisms [1,2]. In vivo [Fe–S]
cluster biogenesis requires one ormore groups of proteins for iron and
sulfur mobilization, cluster assembly, and delivery to a ﬁnal acceptor.
Cysteine desulfurases are involved in the release of sulﬁde ions, which
are then incorporated into a scaffold protein. Subsequently, assem-
bled [Fe–S] clusters are transported and transferred to their
polypeptide chain target. [Fe–S] clusters are chemically assembled
by the reductive coupling of [2Fe–2S] units, despite their diversity in
structure, reactivity, electronic property, andmolecular environments
[3]. The assembly of [Fe–S] clusters in vitro is an efﬁcient process
under optimal conditions [4]. However, in vivo protein machineries
are required for this process due to the cellular toxicity of Fe2+/3+ and
S2−. The machineries for [Fe–S] cluster synthesis have been
thoroughly studied in Proteobacteria. There are at least three
machineries for [Fe–S] cluster biogenesis in these bacteria: the NIF
system, ﬁrst described in Azotobacter vinelandii, comprising structural
and regulatory genes, which are involved in nitrogen ﬁxation andsubsequent maturation of the nitrogenase [5–7]; the ISC system,
representing the highly conserved housekeeping system for the [Fe–
S] cluster protein maturation in Proteobacteria[8,9]; and the SUF
system, which plays a crucial role during iron limitation and oxidative
stress [10,11].
Cysteine desulfurases involved in [Fe–S] cluster biosynthesis are
subdivided in two groups: type I (NifS/IscS) possesses the consensus
sequence SSGSACTS; whereas type II (SufS, CsdA) has the conserved
sequence RXGHHCA at the C-terminal of the polypeptide chain, and
requires the presence of an activator (SufE and CsdE) [12]. The
biological reasons for the existence of these two types of cysteine
desulfurases have not been fully elucidated. In Escherichia coli, SufS
and SufE mobilize sulfur from free cysteine as a protein-bound
persulﬁde (R-S-SH) for [Fe–S] cluster assembly [13]. Recently, the
SufBCD complex was shown to be capable of both assembling [4Fe–
4S] clusters in vitro and transferring them to target proteins. In this
complex, SufB acts as the scaffold protein and SufC, which has
chaperone ATPase activity, supports iron acquisition, [Fe–S] cluster
formation and delivery of the cofactor to target proteins, together
with SufD [14,15]. It was demonstrated in vitro that IscU works as the
scaffold for the ISC machinery in E. coli being capable of assembling
two reduced [2Fe–2S] clusters, forming one [4Fe–4S] cluster per
homodimer [16,17]. Although the [Fe–S] cluster biogenesis has been
thoroughly studied in Proteobacteria, there have been few reports on
[Fe–S] cluster biosynthetic machineries in the Firmicutes phylum.
Firmicutes are predicted to contain solely the biosynthetic machinery
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which are all homologs of the SUF system in E. coli.
Recent studies have associated [Fe–S] cluster biogenesis with
pathogenicity processes, most of them linked to oxidative stress and
availability of endogenous iron. The plant pathogen Erwinia chrysanthemi
showed increased virulence by acquisition of iron and by resistance to
oxidative stress both involving SufC, which is required to cause systemic
invasion [18]. Mycobacterium tuberculosis possesses an ortholog of SufB
that plays an essential role in pathogen survival due to its involvement in
bacterial resistance to iron limitation and oxidative environments [19].
Shigella ﬂexneri showed increased transcriptional levels under iron
starvation and oxidative stress, whereas mutations in ISC and SUF
systems eliminated the invasive phenotype of this bacterium [20].
Enterococcus faecalis is a clinically relevant bacterium, which has
been associated with the development of nosocomial infections,
including the urinary tract, wound, bloodstream, and endocarditic
infections of clinical isolates [21,22]. Furthermore, enterococci speci-
mens exhibit resistance to a wide range of antimicrobial agents [23].
In silico analysis of Enterococci genome identiﬁed the presence of the
sufCDSUB system only. Primary structures for key elements with
homology to the E. coli sufABCDSE system were observed, such as the
putative cysteine desulfurase SufS, the ATPase chaperone SufC, SufB and
SufD, as well as SufU, which is an ortholog of the scaffold protein IscU
from E. coli. Interestingly, the genomeof E. faecalis appears not to harbor
nucleotide sequences that code for SufA and SufE. We have recently
reported, for the ﬁrst time, that SufU potentially acts as the scaffold
protein in the sufCDSUB operon in E. faecalis based on in silico analysis of
structural data [24]. We have also shown that E. faecalis SufU and E. coli
SufE share high tertiary structural similarities, despite sharing low
primary structure identity. The present report aims at characterizing the
biochemical properties of the putative SufS and SufU proteins from
E. faecalis. The data suggest that SufS acts as the cysteinedesulfurase of the
SUF machinery, SufU as the scaffold partner and activator of SufS, whose
cysteine-153 side chain acquires a sulﬁde moiety.
2. Materials and methods
2.1. Strains, media and plasmid construction
E. coli BL21(DE3) was used in this study for the recombinant
expression of SufS and SufU. The vectors used for overexpression are
listed in Table 1. Bacterial growth was performed in Luria BrothMedia
(10.0 g of tryptone, 5.0 g of yeast extract, and 5.0 g of NaCl/L). The
antibiotics used in this study included ampicillin (AMP — 100 μg/mL)
and kanamycin (KAN — 50 μg/mL). Pyridoxine was used at ﬁnalTable 1
Plasmids used in this study.
Plasmid Genotype Marker Reference
pDB1568 pBAD AMP Dos Santos et al., 2007
pEFSE24 pBAD :: sufS AMP This work
pEFSE33 pBAD :: sufU AMP This work
pEFSE73 pBAD :: sufSU AMP This work
pCRBlunt Cloning vector KAN Invitrogen
pTOPO4 Cloning vector KAN Invitrogen
pEFSC1 sufC KAN This work
pEFSC11 sufD KAN This work
pEFSC22 sufS KAN This work
pEFSC31 sufU KAN This work
pEFSC51 sufB KAN This work
pEFSC72 sufSU KAN This work
pET23a(+) Expression vector AMP Novagen
pEFSE79 pT7 :: sufS AMP This work
pEFSE80 pT7 :: sufSCys365ΔAla AMP This work
pEFSE34 pT7 :: sufU AMP This work
pEFSE36 pT7 :: sufUCys41ΔAla AMP This work
pEFSE38 pT7 :: sufUAsp43ΔAla AMP This work
pEFSE40 pT7 :: sufUCys128ΔAla AMP This workconcentration of 0.2 mg/mL for desulfurase expression. Lactose was
used at 1% weight/volume (w/v) for expression in E. coli under control
of the T7 promoter (pT7). Arabinose was used at 0.3% w/v to activate
the arabinose promoter (pBAD) for expression in E. coli.
As an example, the vector pEFSC31 was constructed by using PCR
(Epicentre's Failsafe PCR kit) to isolate the sufU gene from the
chromosomal DNA of E. faecalis. PCR primers were designed to add
NdeI and BglII restriction sites at the N- and the C-terminus of sufU,
respectively. The 0.5 kb PCR product was ligated into the pCR4-TOPO
vector (Invitrogen). This plasmid was digested with NdeI and BglII and
the resulting DNA fragment was ligated into the NdeI–BamHI sites of
pET-23a(+) vector (Novagen). Other plasmids used in this study
were constructed in a similar fashion. The co-expression of sufSUwas
achieved by cloning this region into the cloning vector and further
subcloning into pDB1568 downstream of pBAD. Versions of sufU, sufS,
and sufSU expression plasmids for which eight histidine codons (His-
tag) were placed in frame upstream of the initial transcription site of
sufU or sufS were constructed by inserting a synthetic DNA fragment
into NdeI restriction site. Brieﬂy, primers containing His-tag and NdeI
sites were constructed and incubated with target plasmid DNA,
previously digested with NdeI. For annealing procedures, the mixture
was incubated previously at 95 °C for 5 min, then at room temper-
ature (RT) until reaching 30 °C. Mutagenesis was performed by using
the plasmid DNA of interest for PCR reaction with PCR primers
containing the site-speciﬁc modiﬁcation, followed by digestion of
methylated DNA by DpnI [25].
2.2. Protein expression and puriﬁcation
Isolated E. coli colonies from fresh plates were grown to
OD600=0.4 in liquid media, and induced by adding lactose or
arabinose. For SufS expression, pyridoxine (0.2 mg/mL) was added
at this step. Cells from three liter cultures were lysed by sonication in
100 mL 25 mM Tris–Cl, pH 8.0, 500 mM NaCl, and 20 mM imidazole.
After treatment with PMSF (0.2 g/mL) and streptomycin sulfate
(1.0%), the extract was centrifuged at 35,000 rpm for 30 min. The
clear supernatants of the cell lysates were loaded onto a 5.0 mL Ni-His
Trap Fast Flow column (GE Healthcare). Proteins were eluted with a
linear gradient of 0–500 mM imidazole. Fractions were pooled,
dialyzed against 25 mM Tris–Cl, pH 7.4, and loaded on an anion
exchange column HiPrep Q-Sepharose High Performance (5.0 mL GE
Healthcare). Proteins were eluted with a linear gradient of 0–1 M
NaCl. The protein concentration was determined by the BioRad protein
assay method. Dilutions of bovine serum albumin to varying concen-
trations were employed to construct a standard curve. Experiments
were performed at RT under anoxic conditions maintained by using a
Schlenk line and degassed argon-sparged buffers.
2.3. UV/Vis spectroscopic analysis and cysteine desulfurase activity assay
Cysteine desulfurase speciﬁc activity assayswere performed at RT in
20 mM Tris–HCl (pH 8.0), containing 0.5 mM L-cysteine, 1 mM
dithiothreitol (DTT), and either 200 μM or 25 μM of the target protein.
The total sulﬁde was quantiﬁed by the method of methylene blue
formation as described elsewhere [26]. The reaction was terminated by
injecting0.1 mLof 0.02 M N,N-dimethyl-p-phenylenediamine sulfate in
7.2 M HCl and 0.1 mL of 0.03 M FeCl3 in 1.2 M HCl into the sealed
reaction vial. Approximately 60 min was employed for color develop-
ment, and measurements of absorbance at 650 nm were carried out
using the Varian Cary 50 Bio UV/Vis spectrophotometer. The sulﬁde
concentration was calculated based on a Na2S standard curve.
Spectral experiments were performed at RT in 20 mM Tris–HCl
(pH 8.0), containing 0.5 mM L-cysteine and 5 μMof the target protein.
Time dependent relaxation experiments were performed using the
same concentrations (100 μM) of L-cysteine and active site (SufS or
SufSU). Relaxation of the ΔA420 was obtained by recording the UV–
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was performed by using t-test (pb0.05) from SPSS software package.
2.4. [Fe–S] cluster reconstitution
SufU (50 μM) was reduced anaerobically with 5 mM β-mercap-
toethanol in 20 mM Tris–HCl (pH 8.0) buffer for 1 h with SufS
(0.5 μM) prior to addition of Fe3+ and L-cysteine. Ferric ammonium
citrate was added to a ﬁnal concentration of 250 μM and incubated
until color stabilization. L-Cysteine was then added to a ﬁnal
concentration of 5 mM and the reaction was incubated for 1 h at RT.
Cluster formation was detected spectrophotometrically by recording
UV/Vis absorption spectra (300–800 nm) at several time intervals.
Reconstitution of [Fe–S] clusters in the SufSU complex was carried out
by anaerobically incubating 50 μM complex, 5 mM β-mercaptoethanol,
500 μM L-cysteine, and 250 μM ferric ammonium sulfate in 20 mM
Tris–HCl (pH 8.0) buffer, for 10 min. Control reactions were performed
according to the same protocol described above, except exclusion of
either L-cysteine, desulfurase, or scaffold proteins.
2.5. Mass spectrometry
Samples were digested overnight at 37 °C using 2 μg sequencing-
grade modiﬁed trypsin (Promega). Digests were concentrated and
desalted using OMIX C18 10–100 μl pipette tips (Varian) following the
manufacturer's protocol. After drying down the desalted digests using
a vacuum concentrator, samples were resolubilized in 20 μl solvent A
(98:2 water:acetonitrile, supplemented with 0.1% triﬂuoroacetic
acid – TFA), by sonication in a water bath for 15 min. Utilizing an
Applied Biosystems MDS Sciex AS-1 autosampler and Tempo nano
MDLC, 10 μl was loaded onto an LC Packings C18 trap cartridge at 15 μl
per minute solvent A for 30 min. The cartridge was then placed in line
with a 100 μm×10 cm column containing Synergi 4 μ 80 Å Hydro RP
(Phenomenex). The gradient utilized began at 98% solvent A and 2%
solvent B (2:98 water:acetonitrile, supplemented with 0.1% TFA) at a
ﬂow rate of 700 nl per minute. The composition of solvents changed
linearly from 98% to 82% solvent A over 5 min, from 82% to 62% over
40 min, from 62% to 10% over 10 min followed by a 10 min hold at 10%
A. Column eluent was spotted onto an Applied Biosystems 384 spot
MALDI target plate using an Eksigent MALDI spotting robot advancing
to a new spot every 30 s. Spots were then overlaidwith approximately
1 μl matrix consisting of 4 mg/mlα-cyano-4-hydroxy cinnamic acid in
50% (v/v) acetonitrile supplemented with 0.2% (v/v) TFA and 20 mM
ammonium citrate. The digests were analyzed using an Applied
Biosystems 4800 MALDI TOF/TOF mass spectrometer. First, an MSFig. 1. Puriﬁcation of SUF proteins: (A) puriﬁed Enterococcus faecalis V583 SufS (1), SufSC365
phosphorylase B, 97.4 kDa; bovine serum albumin 66.2 kDa; ovoalbumin, 45 kDa; carbonic an
fractions of SufS, SufSC365Ala, and SufSU cysteine desulfurases used in this work for enzymaspectrum was obtained for each spot in reﬂector positive operating
mode for the mass to charge range of 800 to 4000 averaging data from
approximately 1000 individual laser shots. MS/MS spectra were then
obtained for signiﬁcant peaks (S/NN50) observed in the MS spectra
utilizing the MS/MS 1 kV positive operating mode. Each MS/MS
spectrum was typically the sum of approximately 1500 individual
laser shots. A peak list for each sample was generated using the 4000
Series Explorer software. Protein identiﬁcations were obtained
utilizing Mascot Daemon v. 2.2.2 to automatically submit peak lists
to a local Mascot Server v. 2.2 (Matrix Science) search engine using
the NCBI protein database. Searches of MS/MS data were performed
with semi-trypsin speciﬁcity with one possible missed cleavage, a
peptide mass tolerance of ±300 ppm, a peptide fragment mass
tolerance of ±0.2 Da with the possibility of oxidized methionines and
cysteines containing persulﬁdes. Tandem MS spectra were also
validated manually by ensuring the spectra contained at least four
consecutive -y or -b ionsmatching the predicted amino acid sequence.
2.6. Molecular modeling
Comparative modeling using SwissModel was carried out on
E. faecalis genomic sequence employing Synechocystis sp. PCC 6803
SufS structure as template (PDB ID: 1T3I) [27].
3. Results
3.1. SufS, SufU, and SufSU puriﬁcation
Members of Proteobacteria, such as E. coli, have had their ISC and
SUF systems extensively described, in which IscS (type I desulfurase)
and SufS (type II desulfurase, plus the activator SufE) are present [12].
As pointed out above, Firmicutes have only the SufS homolog, and do
not possess a gene encoding SufE [24]. However, SufU from E. faecalis
shares structural similarities with SufE. These observations raised the
question of whether SufS functions without an activator, and at what
point SufU could serve as an activator of SufS in E. faecalis.
To address these questions, SufS, SufU, and the complex SufSU
from E. faecalis were expressed in E. coli, isolated under anaerobic
conditions and subsequently characterized. E. faecalis SufU shares
high primary structure conservation with E. coli IscU, both having the
conserved cysteine and aspartic acid residues involved in [Fe–S]
cluster assembly. For the production of recombinant SufU mutants
having alanine at positions 41 (SufUC41A), 128 (SufUC128A), and 43
(SufUD43A), the same protocol was used. The cysteine-365 of SufS was
mutated to alanine (SufSC365A). Expression of recombinant SufUA (2), SufU (3), SufUC41A (4), SufUD43A (5), SufUC128A (6) and SufSU (7) (MW standards:
hydrase, 31 kDa; soybean trypsin inhibitor, 21.5 kDa; lysozyme 14.4 kDa); (B) 2 mg/ml
tic assays.
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yielding mainly soluble proteins. SufU mutants were produced and
puriﬁed employing the same experimental protocols. Although SufS
was highly expressed under the same conditions, the protein was not
soluble when expressed alone. Thus, we changed to arabinose-
induced vectors for this protein. However, most SufS still remained in
inclusion bodies after induction of expression. Furthermore, the
typical yellowish color expected for a pyridoxal-phosphate (PLP)-
containing enzyme could not be observed, even when pyridoxine was
added during bacterial growth. To solve this problem, vectors
containing the SufSU complex were constructed to allow simulta-
neous expression of SufS and SufU. In this case, the expected yellow
color appeared. The puriﬁcation of SufS without the presence of SufU
was obtained through an additional step of puriﬁcation using a Hi-
Trap Fast Flow column. Wild-type SufSU complex was co-puriﬁed as
described above. Complexes for SufSUC41A, SufSUD43A, and SufSUC128A
were obtained by incubating at equimolar concentrations SufU
mutant forms with SufS, which were puriﬁed separately. Successful
complex formation was conﬁrmed by gel-ﬁltration chromatography.
Proteins and complexes of the expected molecular sizes were
obtained (Fig. 1A), and the presence of E. faecalis SUF proteins in all
fractions was conﬁrmed by mass-spectrometry.Fig. 2. Reconstitution of [Fe–S] cluster: (A) control reactions for [Fe–S] cluster reconstitution
reactions was performed for all samples tested. (B) 50 μM SufSU complex, 500 μM L-cyste
0.05 μM SufS, 500 μM L-cysteine and 250 μM ferric ammonium sulfate after 60 min of incub
absorbance values representing the ﬁnal incubation minus the base line veriﬁed for contro3.2. SufU reconstitutes [Fe–S] clusters in vitro
After puriﬁcation, fractions containing SufU, SufUC41A, and SufUC128A
were colorless, while SufUD43A displayed a greenish color, which
disappeared in the presence of oxygen. It has been demonstrated that
replacing the conservedaspartate-39ofE. coli IscUwithalanine resulted in
trapping of an oxygen-resistant [Fe–S] cluster [28]. Interestingly, this
residue is structurally equivalent to aspartate-43 in E. faecalis SufU. The
results thus suggest that SufU might harbor a labile [Fe–S] cluster that is
more stable in SufUD43A. In order to evaluate the possibility that SufU acts
as a scaffoldprotein for [Fe–S] cluster assembly inE. faecalis, reconstitution
experiments were performed inside glove boxes, where SufS, L-cysteine,
and Fe3+were incubatedwith reducedSufU (Fig. 2A). After incubation for
60 min, UV/Vis spectra displayed maximum absorbance at 410 nm,
indicative of an [4Fe–4S] cluster bound to SufU (Fig. 2B–C). Reconstitution
of [Fe–S] clusters in SufUC41A, SufUD43A, SufUC128A, and SufSU was also
tested. In each case, the same peak of absorbance at approximately
410 nm was obtained, strongly suggesting the formation of [4Fe–4S]
clusters (Fig. 2D–F). Control reactions lacking L-cysteine, desulfurase, or
scaffold proteins did not show a corresponding maximum absorbance at
410 nm. These results unequivocally conﬁrm that SufU can reconstitute
[Fe–S] clusters in vitro, suggesting a similar function in vivo.experiments lacking iron, scaffold, desulfurase or L-cysteine. The same type of control
ine and 250 μM ferric ammonium sulfate after 10 min of incubation; (C) 50 μM SufU,
ation for SufU; (D) SufUC41A; (E) SufUD43A and (F) SufUC128A. Insets are curves showing
l for each reaction.
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conserved cysteine 365
After puriﬁcation, the typical yellow color typical of classical PLP-
containing enzymes was observed in different preparations of SufS,
SufSC365A, and SufSU complex (Fig. 1B). Molecular modeling exper-
iments and primary sequence data provided structural evidence for
the presence of speciﬁc type II cysteine desulfurase regions: (i) the
consensus sequence RXGHHCA around the active-site in the C-Fig. 3.Molecular modeling of Enterococcus faecalis SufS cysteine desulfurase using the cyanob
structure of SufS, presenting two pyridoxal phosphates (yellow spheres) in each monom
desulfurase consensus sequence RXGHHCA around the active-site cysteine residue (Cys 365)
essential lysine residue (Lys 225) responsible for the attachment of the pyridoxal phosphate
residues Lys 225 (green sticks and electronic density) linked to the PLP cofactor (yellow stterminal domain; (ii) the conserved motif HKXXXPXGXG harboring
the conserved lysine residue (lysine-225) involved in PLP cofactor
linkage; and (iii) the putative conserved lysine-225 and cysteine-365
residues (Fig. 3). Spectral analyses were performed on each
preparation before and after the addition of L-cysteine, and spectral
changes associated with transpersulfurization reaction mediated by
cysteine desulfurase were observed in all samples tested.
The conversion of L-cysteine to L-alanine with the release of
elemental sulfur results from the nucleophilic attack of thiolate anionacterial SufS structure as mold (Synechocystis spp. PCC 6803, PDB ID: 1T3i). (A) Dimeric
er. (B) and (C) Monomeric structures of SufS. Loops containing the type II cysteine
in the C-terminal domain (red), and the conserved motif HKXXXPXGXG containing the
cofactor (blue). (D) SufS cysteine desulfurase active site, containing the crucial catalytic
icks and electronic density), and Cys 365 (orange sticks) oriented to the cofactor.
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which typically characterizes the biological activity of cysteine
desulfurases [1]. Absorbance maxima at approximately 340 nm and
420 nm are indicative of the initial step of the trans-sulfurization
reaction and formation of Cys-ketimine and Cys-aldimine adducts.
Indeed, all samples generated absorbance maxima at these wave-
lengths after addition of 100-fold molar excess of L-cysteine (Fig. 4).
Spectrum relaxation is expected to occur according to the elemental
sulfur formation and changes in the relative concentration of
intermediates as the reaction proceeds towards its equilibrium. The
relaxation time at 420 nm was shorter for SufSU (22 min; Fig. 4C) as
compared to SufS alone (30 min; Fig. 4A), suggesting that binding of
SufU to SufS can accelerate one or more steps of the reaction. In order
to validate these correlations, spectral relaxation experiments were
also performed using the same concentrations (100 μM) of substrate
(L-cysteine) and active site (desulfurase), which is described tomimic
in vivo L-cysteine [29]. Under this condition, SufSU required 12 min to
return to the original absorbance, whereas SufS alone required 20 minFig. 4. Spectroscopic features associated with SufS-catalyzed L-cysteine desulfurization.
UV visible absorption spectra of (A) SufS, (B) SufSC365A, and (C) SufSU complex as
isolated state (solid line), immediately after the addition of 500 μM L-cysteine (dashed
line), and time elapsed to achieve the initial 420 nm peak (dotted line).to reach the same point (Fig. 5A). It is important to note that the
relaxation curves showed an optically silent lag time between the fast
changes described above and the start of relaxation at 420 nm that
was shortened in the presence of SufU. This ﬁnding could indicate that
SufU accelerates one or more steps that precede the Alanine–PLP–
aldimine formation. These steps may involve the nucleophilic attack
of the SufS cysteine residue 365 thiolate on the thiol of cysteine–PLP
adduct, persulﬁde formation, and protonation of alanine–LP–ketimine
adduct to form the PLP–aldimine. The SufSC365A mutant phenotype
was conﬁrmed, since no reaction occurred in either experiment,
maintaining the equilibrium described above (Fig. 4B). This result was
expected because the reaction would stop at the stage of nucleophilic
attack by the active site cysteine residue of wild type protein. These
results characterize SufS as the cysteine desulfurase of E. faecalis and
strongly suggest that SufU exerts its function as the activator of the
enzyme as we had previously proposed [24].
3.4. E. faecalis SufU enhances SufS speciﬁc activity
To verify the possibility that SufU enhances and/or supports SufS
activity, speciﬁc kinetic assays for cysteine desulfurase activity were
performed in steady-state kinetics conditions. Release of sulﬁde in the
presenceof L-cysteineandDTTdue todesulfuraseactivitywasdetectedby
the methylene blue formation method [26]. Time-course of methylene
blue formation presented linear results as shown in Supplemental Fig. 1.
Previously reported data using the samemethodologywere as follows: A.
vinelandii IscS (89.4 nmol S min−1 mg−1) [30], Helicobacter pylori NifSFig. 5. Cysteine desulfurase activity. (A) Time-dependent relaxation of the ΔAbs420nm
for 100 μM SufS (ﬁlled triangles), SufSC365A (open circles) and SufSU complex (ﬁlled
circles) after addition of 100 μM L-cysteine. (B) Cysteine desulfurase speciﬁc activity
achieved by steady-state kinetics experiments, in presence of DTT. Graphic presents the
average and standard deviation of data obtained for the 30 min step, for three
differential experiments. Reactions were performed at the following ﬁnal desulfurase
concentrations: 200 μM SufS, SufSU complexes and SufSC365A; 25 μM SufSUC41A,
SufSUD43ΔA, and SufSUC128A. Holo-SufSU is presented, however, it was not considered
for comparison since it exceeded the method linearity during the procedure.
Statistically signiﬁcant data (*, pb0.05) related to apo-SufSU were considered.
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either the presence (12.0 nmol S min−1 mg−1) [32] or absence of SufE
(3.0 nmol S min−1 mg−1) [33]. Desulfurase activity detected by quanti-
ﬁcation of alanine for E. coli SufS indicated values of 0.021 Umg−1 and
0.75 Umg−1 for Vm in the absence or presence of SufE, respectively [34].
As expected, no sulﬁde release was observed for E. faecalis SufSC365A.
SufS alone (4.0 nmol S min−1 mg−1) and apo-SufSU (6.0 nmol S
min−1 mg−1) had statistically signiﬁcant differences in their speciﬁc
activities. In fact, apo-SufSU also exhibited signiﬁcant differences in
comparison to other samples tested. Holo-SufSU (148.68 nmol S
min−1 mg−1) showed a rate of approximately 37-fold and 25-fold
larger desulfurase activity values in vitro when compared to SufS and
apo-SufSU, respectively (Fig. 5B). Based on these data, it is thus
tempting to suggest that SufU, in both its apo and holo forms, acts as
an activator of SufS. Notwithstanding, it is difﬁcult to use holo-SufU for
comparison purposes, once it exceeded the linearity of the method
during the ﬁrst 5 min of incubation. SufSUD43Ala (4.6 nmol S
min−1 mg−1) showed signiﬁcantly different activity; however the
aspartate-43 residue is proposed to anchor labile clusters, instead of
being involved in sulﬁde formation and/or release. On the other hand,
statistical differences observed for SufSUC41A (3.6 nmol S min−1 mg−1)
and SufUC128A (3.7 nmol S min−1 mg−1) are important as they may
represent a site for sulfur transfer between SufS and SufU during the
persulfuration reaction. Also, previously described cysteinedesulfurases
data demonstrate that reactions including DTT as co-substrate cleave
the persulﬁde with higher efﬁciency [35]. Therefore, time discrepancies
veriﬁed for desulfurase experimentsmight be related to the presence of
DTT during cysteine desulfurase speciﬁc activity procedures and its
absence during time-dependent relaxation procedures.
To determine which cysteine residues within SufU are involved in
sulfur transfer, a cysteine desulfurase reaction mixture containing
SufS and SufU was digested using trypsin and the resulting peptides
were analyzed by LC/MS/MS. MS/MS of a peptide having a protonated
mass of 2207.46 conﬁrmed a +32 mass shift at cysteine-153 of SufU
(Fig. 6) consistent with the presence of a sulﬁde at that residue. The
unmodiﬁed peptide with a protonated mass of 2175.57 was also
detected. No other peptides containing modiﬁed cysteine from SufU
were detected. However, MS/MS of a peptide having a protonated
mass of 2182.42 conﬁrmed a +64 mass shift at cysteine-365 of SufS
(Supplemental Fig. 2) consistent with the presence of two additional
sulfurs at this cysteine residue. Again, the unmodiﬁed peptide having
a protonated mass of 2119.28 was also detected. These results suggest
sulfur transfer from SufS to SufU residues involving speciﬁcally
cysteine residues 365 of SufS and 153 of SufU (Fig. 6).
4. Discussion and conclusions
Thispaper reports on thebiochemical characterizationof twoproteins,
SufS and SufU, encoded by the suf operon in E. faecalis. SufSwas identiﬁed
as cysteine desulfurase of the SUF system, and SufU acts as a scaffold
protein and activator of SufS, resembling the key role of SufE in E. coli.
SufU is able to reconstitute in vitro [Fe–S] clusters, and UV/Vis
analyses demonstrated the presence of the greenish color character-
istic for [4Fe–4S] clusters. These data are in agreement with Albrecht
et al. report [36], which identiﬁed the same type of clusters in Bacillus
subtilis that is essential for cell survival. Considering the high
homology of the Firmicutes sufCDSUB operon, it is tempting to
speculate that SufU is required for cellular viability in E. faecalis as
well. Furthermore, our results indicate the same [4Fe–4S] cluster
reconstitution pathway for the SufSU complex and the mutant forms.
In agreement, SufUD43A stabilized the assembled [4Fe–4S] clusters,
resembling the feature observed for Proteobacteria IscU including
color and oxygen resistant [Fe–S] cluster phenotype. E. coli IscU, which
is highly similar to the primary structure of SufU, assembles its cluster
in a sequential manner starting with one [2Fe–2S]2+ cluster per IscU
dimer, then two per dimer that are then rearranged in a ﬁnal[4Fe–4S]2+ cluster per homodimer [16]. These steps are likely to occur
during [Fe–S] cluster assembly in SufU, but the measured reaction
rates do not warrant further conclusions. Chandramouli et al. [17]
reported the possibility that IscU houses either [2Fe–2S]2+ or
[4Fe–4S]2+ clusters in response to the cellular redox status to ensure
sufﬁcient amount of cluster loaded on IscU, which is important for
protein maturation when [Fe–S] cluster damaging in vivo occurs. This
may be anticipated to apply to E. faecalis SufU, since it is the only
scaffold protein characterized in the SUF system; which, in turn, is the
only [Fe–S] cluster assembly machinery in Firmicutes. Further studies
focusing on Raman resonance, EPR spectra, and Mössbauer in-
vestigations are required to elucidate the characteristics of E. faecalis
SufU. The in vitro function of SufU as being able to assemble [4Fe–4S]
clusters suggests a similar role in maturation of apo Fe–S proteins in
vivo in E. faecalis.
Cysteine desulfurase catalyzes the conversion of L-cysteine to L-
alaninewith the release of elemental sulfur, involving an intermediate
reaction with the formation of the cysteine–PLP Cys-ketimine interme-
diate and nucleophilic attack by thiolate anion of active site SufS
cysteine residue (cysteine-325 in E. coli) on the sulfur of the cysteine
substrate. The UV/Vis spectral changes observed after L-cysteine
addition categorized SufS as a cysteine desulfurase PLP-containing
enzyme. Studies of site-directedmutagenesis identiﬁed cysteine-365 as
the catalytic residue involved in stopping the reaction when adducts of
Cys-ketimine and Cys-aldimine reach the equilibrium plateau [37].
Primary annotation of SufS describes it as a possible desulfurase type II
(SufS/CsdA); thus, it should have an activator to accept the formed
persulﬁde. SufU was tested as activator of SufS with its holo and apo
forms. SufU mutants of possible persulﬁde receiving residues were also
considered. Interestingly, as the yellowish color of SufS only appeared
when it was overexpressed with SufU, this result suggests that PLP is
only attached to SufS when it forms a complexwith SufU, corroborating
the importance of SufU for cysteine desulfurase action by SufS. Previous
data demonstrated that B. subtilis apo-SufUwasnot able to activate SufS.
The data described here showed statistically signiﬁcant differences for
both apo-SufSU and holo-SufSU desulfurase activity in comparison to
SufS alone.
SufSUD43A showed no signiﬁcant difference in activity indicating
that aspartate-43 plays no role in persulﬁde transference. Instead,
SufSUC41A and SufSUC128A desulfurase activities are reduced in
comparison to SufSU. The signiﬁcant decrease of sulﬁde may have
occurred due to the lack of cysteine residue at the correct position for
sulfane transference to SufU during the process of SufS activation.
Recently, Albrecht et al. [38] proposed the involvement of the
cysteine-41 of B. subtilis SufU during sulﬁde acquisition from SufS.
Holo-SufSU indeed enhanced desulfurase activity 25-fold and 37-fold
in comparison to apo-SufSU and SufS alone, respectively. However,
the results require critical interpretations as the methods used
measure free sulﬁde and false-positive signals could occur after
cluster reconstitution, even after transfer to desalting conditions.
Because the method linearity was exceeded during the procedure,
these data were not considered for comparison. However, the same
pattern of desulfurase activation by B. subtilis holo-SufU has been
described for steady-state kinetic analysis of L-alanine formation [39].
Conversely, MS/MS data described here show E. faecalis SufU cysteine-
153 residue with a mass shift of +32. This mass shift is consistent
with additional sulfur, and identiﬁed SufU cysteine-153 as a residue
involved in sulfane trafﬁcking during the transpersulfurization reaction.
Thus, cysteine-153 of SufU couldmimic the function of cysteine-51 of
SufE in the E. coli SufS/SufE desulfurase system [34]. Since, holo-SufU
drastically enhances SufS activity it is possible to infer that cysteine
residue 153, which is not directly involved in the orientation of the
[Fe–S] cluster assembly is the acceptor of sulfur, while cysteine residues
41, 66 and 128 are occupied by the [Fe–S] cluster. No other peptides
containing modiﬁed cysteine from SufU were detected. It denotes that
though very similar, there are some differences between E. faecalis and
Fig. 6. MS/MS data for the SufU tryptic peptide 135-ALEQAVANNGQGEAGHLHCEK-155 with cysteine-153 unmodiﬁed (A) and with cysteine-153 plus 32 (B). Note the presence of
fragment ions b18 and b19 conﬁrming the plus 32 shift at cysteine-153.
1917G.P. Riboldi et al. / Biochimica et Biophysica Acta 1814 (2011) 1910–1918B. subtilis related to [Fe–S] cluster biosynthetic machineries, which
reside mainly in the presence of SufA in B. subtilis and the absence
in E. faecalis of an alternative scaffold protein. In turn, the presence of a
C-terminal cysteine-153 in E. faecaliswhich is not observed in B. subtilis
might match the function of cysteine-51 of SufE in the E. coli SufS/SufE
desulfurase system. In this way, the lack of other suf-elements in
E. faecalis (sufA and sufE) could be replaced by speciﬁc protein regions in
SufU, such as the cysteine-153 residue.In summary, the present work shows that E. faecalis SufU is able to
reconstitute [4Fe–4S] clusters of the iron sulfur machinery. Also
shown here is that SufS corresponds to type II cysteine desulfurase
PLP-containing enzyme having a catalytically essential cysteine
residue (365), which requires SufU (both holo and/or apo) as
activator. Importantly, the conserved cysteine-153 residue was
identiﬁed as the proximal sulfur acceptor site for transpersulfuriza-
tion reaction.
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